The molecular vibrations of ethene adsorbed on roughened Cu͑111͒ surfaces have been investigated with high resolution electron energy loss spectroscopy and density-functional-theory calculations. The roughness was introduced by sputtering or evaporation of copper, respectively, on the cooled surface. We found stabilization of the ethene layer compared to ethene adsorbed on pristine Cu͑111͒. Furthermore, two new vibrational features observed on the rough surface can be assigned to frustrated translations and rotations of the ethene molecule on surface defects and are indicative of a different binding on the rough surface.
I. INTRODUCTION
Several investigations were performed in the past decade on ethene adsorption on copper surfaces, but only a few of them dealt with the influence of surface defects 1, 2 in spite of their importance in determining the catalytic properties and for the understanding of heterogeneous catalytic processes. Ethene is interesting for its importance in reactions such as dehydrogenation, epoxidation, or cracking. It is known from previous publications that exposure of ethene to low-Miller index Cu surfaces at sufficiently low temperature and under UHV conditions gives rise to a reversible physisorbed layer, [3] [4] [5] yielding first order desorption kinetics. 5 The molecules are -bonded with the molecular axis parallel to the surface. For Cu͑111͒ they are in cross bridge sites with the C-C axis pointing toward adjacent threefold fcc and hcp sites 5, 6 and form a disordered layer 5 which exhibits a single desorption state in temperature programmed desorption ͑TPD͒ with a maximum desorption rate around 105 K, depending on coverage, 5, 7 in reasonable agreement with our estimate of the desorption temperature of 91-95 K. 2 Ethene adsorption at metal surfaces is a rather complex phenomenon because of a number of subtle factors determining the process, surface defects being one of them.
In this paper we present high resolution electron energy loss spectroscopy ͑HREELS͒ investigations of ethene adsorption at differently defected Cu͑111͒ surfaces. The defects are created either by evaporating Cu adatoms or by ion bombarding the pristine surface. We find that ethene shows very similar new modes at energies below the molecular vibrational range in both cases. Interestingly, the energies of these modes are significantly higher than those for frustrated translations on smooth Cu͑111͒. 8 The unchanged internal vibrational modes indicate that the adsorption state is still -bonded and therefore not affected.
Our conclusions are supported by density-functionaltheory ͑DFT͒ calculations of the energetics and of the vibrational energies of the system which allow to attribute the new modes to frustrated translations and rotations at defect sites.
II. TECHNICAL DETAILS

A. Experiment
The results of this study were obtained in two independent UHV systems. In one of them the sample surface was roughened by sputtering at low temperatures ͑Genova, Italy͒, while in the other one roughening was generated by evaporating small amounts of copper atoms on the cold surface ͑Heidelberg, Germany͒. Both systems will be described briefly.
The HREELS apparatus used in Heidelberg consists of an UHV chamber which was operated at a base pressure below 5 ϫ 10 −11 mbar. The Cu͑111͒ sample by Mateck, oriented better than 0.1°, was cleaned by cycles of sputtering and annealing at 800-850 K until sharp patterns could be observed with low-energy electron diffractometer ͑LEED͒ and no contamination could be found with HREELS.
A Leybold ELS 22 spectrometer was used at a resolution of about 7 meV full width at half maximum of the elastically scattered electrons in specular geometry with a kinetic energy of 5 eV. Both the angles of incidence and of reflection were kept at 60°with respect to the surface normal for all measurements. The sample was cooled with liquid nitrogen to 85Ϯ 2 K ͑93Ϯ 2 K for the 4 ML film͒; the sample temperature was controlled with a type K thermocouple at the copper sample holder.
Roughening was achieved by evaporating copper on the cold surface. The thickness of the cold-deposited copper layer was in the submonolayer to monolayer range. We evaporated 3.2ϫ 10 14 an Omicron EFM 3 evaporator which was operating in the 10 −11 mbar range. The deposition rate was determined with a quartz microbalance and did not exceed 10 −3 nm/ s. Annealing of the copper film was performed by stopping the sample cooling.
Ethene of a cleanliness of 99.97% by Messer-Griesheim was used. The partial pressure was measured with an ion gauge and recorded as a function of time. The dose was determined by integration. The exposure values reported here ͑in langmuir, 1 L = 1.33ϫ 10 −6 mbar s͒ are corrected to the relative gauge factor for ethene of 2.14. 9 The partial pressure of this gas did not exceed 1 ϫ 10 −8 mbar. The HREEL spectra shown here are taken under base pressure conditions.
The experiments in Genoa were performed with an UHV system ͑base pressure of 5 ϫ 10 −11 mbar͒ equipped with a LEED, a cylindrical-mirror analyzer for Auger spectroscopy ͑AES͒, and an ion gun for in situ sample preparation. 10 The HREEL spectra were recorded with a self-built spectrometer using specular detection at an incident angle of 67°and an electron energy E 0 = 2.9 eV. The sample is a different Cu͑111͒ single crystal ͑supplied by Surface Preparation Laboratory͒ than the one used in Heidelberg. It is a disk of 10 mm diameter, oriented to within 0.1°of the ͑111͒ plane. The surface was prepared by cycles of sputtering with Ne + ions followed by annealing for 3 min to ϳ900 K, until a sharp LEED pattern and spectra indicative of the clean surface were observed in HREELS and AES. The sample was cooled down to 145 K by thermal contact with a liquid nitrogen filled cryostat. The defects were created by 5 min bombardment of the cold ͑ϳ145 K͒ Cu͑111͒ sample by 1.5 keV Ne + ions at 1 A. Ethene exposure was performed by backfilling the chamber at a pressure of 1 ϫ 10 −7 mbar. The temperature dependent HREEL spectra were recorded after heating the sample to the indicated values in Fig. 3 and cooling back to ϳ145 K. The HREELS resolution was set to ϳ9 meV to improve the current and thus the signal to noise ratio.
B. Computational method
Our calculations were performed in the framework of DFT using the generalized gradient approximation ͑GGA͒ of Perdew-Burke-Ernzerhof ͑PBE͒. 11 We used the pseudopotential method with ultrasoft pseudopotentials. 12, 13 KohnSham orbitals were expanded in a plane-wave basis set up to a kinetic energy cutoff of 27 Ry ͑216 Ry for the chargedensity cutoff͒. Brillouin-zone ͑BZ͒ integrations have been performed with the Gaussian-smearing 14 special-point technique 15 using a smearing parameter of 0.03 Ry. All calculations have been done using the PWSCF ͑structural relaxations͒ and PHONON ͑vibrational frequencies͒ codes contained in the QUANTUM ESPRESSO distribution, 16 while molecular graphics were produced by the XCRYSDEN ͑Ref. 17͒ graphical package.
Surfaces were modeled by periodic slabs. As for perfect Cu͑111͒, we used a slab consisting of four ͑111͒ layers.
Stepedge and kink defects were modeled with vicinal surfaces. In particular, ͑111͒/͑111͒ and ͑111͒/͑100͒ step edge defects, where the notation ͑hkl͒ / ͑mno͒ designates the facets composing the terrace/step height, were modeled by Cu͑331͒ and Cu͑211͒ slabs, whereas kinks on Cu͑111͒ were modeled by a Cu͑5 11 7͒ slab. The slab thicknesses of vicinal surfaces were compatible with four-layer Cu͑111͒: In particular, 12 layers of ͑331͒ and ͑211͒ and 32 layers of ͑5 11 7͒ were used.
Ethene molecules were adsorbed on one side of the slab and we used a ͑3 ϫ 3͒ supercell for Cu͑111͒. Adsorption on the defected surfaces was modeled by supercells that are similar in size to that used for perfect Cu͑111͒. In particular, Cu͑331͒ and Cu͑211͒ were modeled by ͑ 3 0 −1 1 ͒ supercells, whereas Cu͑5 11 7͒ was modeled by a corresponding ͑1 ϫ 1͒ surface unit cell. With one molecule per supercell these supercells correspond to ethene coverages of 1/8 ML for Cu͑5 11 7͒ and of 1/9 ML for Cu͑111͒, Cu͑331͒, and Cu͑211͒. For the BZ integrations a 3 ϫ 3 uniformly shifted k-mesh 18 was used for all the supercells specified above. The thickness of the vacuum region, i.e., the distance between the ethene admolecules and the adjacent slab, was set to about 20 a.u. We used the calculated bulk lattice parameter of 3.67 Å as the in-plane lattice spacing. One, three, and eight bottom layers are kept fixed to the bulk positions for ͑111͒, ͑331͒ and ͑211͒, and ͑5 11 7͒ slabs, respectively, while all other degrees of freedom are relaxed in order to minimize the total energy of the system.
III. RESULTS
A. Roughening by evaporation
Ethene ͑C 2 H 4 ͒ is a planar center-symmetric molecule which adsorbs on Cu͑111͒ with its molecular plane parallel to the copper surface in a -bonded configuration. 8, 19, 20 The distortion of the adsorbed molecule is expected to be quite small. 20 Hence, the only molecular vibration which comes along with a dynamic dipole moment perpendicular to the surface is the so-called out-of-plane CH 2 wagging mode, where the four hydrogen atoms oscillate in phase perpendicular to the surface. The energy of this mode ͑labeled 7 according to Herzberg 21 ͒ is 118 meV in the gas phase and in solid ethene. [22] [23] [24] For ethene on Cu͑111͒ with infrared absorption reflection spectroscopy ͑IRRAS͒ and HREELS, the energy of this dipole-active vibration was found to be only slightly lowered to about 112 meV, 5, 25 where both of the measurements were performed at 90 K. The latter value might be of importance since the desorption of ethene from the Cu͑111͒ terraces takes place at 91-95 K. 2 At the bottom of Fig. 1 the spectra of ethene on pristine Cu͑111͒ are shown captured in specular as well as in offspecular geometries. They reproduce the findings of Linke et al. 5 and indicate clearly that no other mode but 7 is dipole active, or, in other words, is excited by dipole scattering. The unusually observed high intensity of the impact-scattering loss peaks is accompanied by a decrease in the specular intensity during ethene exposure by more than one order of magnitude. This reflects a weakly bound and disordered ethene layer and is in agreement with the fact that no surface reconstruction could be observed with LEED. Now, since the experiment was performed at 85 K, we find the wagging mode of ethene at 115 meV. The 3 meV difference to the value mentioned above is certainly due to the dipole shift induced by the higher density of our layer caused by the lower exposure temperature ͑85 K against 90 K͒ under otherwise similar conditions.
The upper three spectra of Fig. 1 show the measurements obtained after roughening the cold surface with small amounts of copper ͓the Cu amount is given at the right side of the spectra in monolayers ͑ML͒ of surface Cu atoms͔ and adsorbing ethene on it. Energy losses are observed at 35, 52, 115, 160, 179, 193, 225, 260 , and 372 meV. All features at energies above 100 meV can be attributed to internal vibrations of the ethene molecule ͑see Table I͒ apart from the one around 260 meV, which is caused by CO contamination from the residual gas, and the loss at 225 meV, which we assign to the first overtone of the CH 2 wagging mode. Vibrations at lower energies can be observed only for ethene at the roughened surface. Figure 2 presents the HREEL spectra measured before and after dosing ethene on the flat and on the sputtered Cu͑111͒ surface, respectively. Both the sputtering and the dosing temperatures were at 145 K. The intensity of the elastically reflected electron beam in specular direction decreases by two orders of magnitude after sputtering. We dosed 27.5 L on the flat surface finding no permanent adsorption in accordance with the desorption temperature of -bonded ethene. 5 On the contrary, just 2. FIG. 1. HREELS at C 2 H 4 saturation coverage ͑about 2 L͒ at 85 K ͑93 K for the topmost spectrum͒ in specular geometry for various Cu adatom precoverages in monolayers ͑ML͒. For the surface without Cu adatoms an offspecular ͑10°͒ spectrum is given additionally ͑bottom spectrum͒. The spectra are rigidly shifted in the direction of the ordinate. The solid lines are splines which are meant as a "guide to the eye." The roughly twice higher intensity in the spectrum of 4.0 ML is caused by a change in the setup of the HREELS readout electronics between the measurements. 99  100  99  101  102  8  109  107  110  118  117  112  7  109  104  111  119  118  115  115  115  4  117  113  119  128  127  6  147  148  147  150  153  3  158  153  158  166  166  155  160  159  159  12  173  174  175  181  178  179  176  2  189  185  189  204  201  193  193  190  192  11  378  378  378  379  371  1  379  379  380  380  375  372  372  368  5  388  388  388  388  385  9  391  391  392  392  385  385 384 384
B. Roughening by sputtering
C. Thermal stability of the ethene layer
For both the sputtered and the adatom roughened surfaces the thermal stability of the ethene layer was investigated by recording the HREEL spectra after annealing the ethene covered sample. The results for both surfaces are shown in Figs. 3 and 4 , respectively. On the sputtered surface, subsequent heating to 175 and 190 K results in a gradual decrease in the intensities of all the losses, thus providing evidence about the presence of only one bonding state of ethene on sputtered Cu͑111͒. -bonded ethene desorbs from pristine Cu͑111͒ below 95 K. 2 However, on the sputtered surface ethene losses are still observed after annealing to 190 K. Heating to 205 K leads, on the other hand, back to a bare surface for which no losses are visible by HREELS. Ethene is thus stabilized by the defects from sputtering to about twice its desorption temperature on flat Cu͑111͒. The desorption process may correspond to two phenomena: Either the thermal energy becomes large enough to allow the admolecules to overcome the desorption barrier and move back to the gas phase or it can allow the surface to reorder eliminating the undercoordinated atoms responsible for the stabilization of the admolecules. To check this point, we performed the following experiment: The sample was prepared by sputtering at 145 K and exposed to ethene; it was then annealed to 205 K and cooled down to 145 K at which temperature it was exposed again to the same amount of ethene ͑2.5 L͒ without additional heating or sputtering. If reordering of the sputtered surface takes place at 205 K no readsorption would be expected. The corresponding HREEL spectra are presented in Fig. 3 . As one can see, we observe the same losses as for adsorption on the freshly sputtered crystal, albeit with lower intensity. Heating to 205 K, therefore, does not completely heal out the surface defects ͑in accordance with Ref. 26͒ and we can therefore conclude that the desorption process is related to the overcoming of the ethene binding energy.
The results of the annealing of the crystal after cold evaporation of four monolayers of copper and exposure of 2.5 L ethene are shown in Fig. 4 . From the comparison of the intensities of the loss peaks one can conclude that nearly no desorption occurs upon annealing to 143 K, while on the smooth Cu͑111͒ surface already after annealing to 111 K nearly no ethene can be detected with HREELS. 27 After annealing to 195 K the loss features caused by ethene have nearly completely disappeared in accordance with the result obtained for the sputtered surface. 
FIG. 3.
Normalized HREEL spectra measured on sputtered Cu͑111͒ ͑bottom spectrum͒ after exposure to ethene ͑second spectrum from the bottom͒. The following three spectra were recorded after heating the sample to 175, 190, and 205 K in sequence. After the last annealing ͑to 205 K͒ the sample was cooled down to 145 K and again exposed to 2.5 L of ethene without additional heating or sputtering ͑uppermost spectrum͒. Sputtering, dosing, and measuring temperatures are always 145 K.
D. DFT calculations
Adsorption energies
In order to rationalize the results presented above we performed DFT calculations of ethene adsorption on perfect Cu͑111͒ and on low-coordinated defects thereon, such as ͑111͒/͑111͒-and ͑111͒/͑100͒-type step edges as well as kinks. The corresponding results are summarized in Fig. 5 . Our calculations indicate that the binding of ethene to perfect Cu͑111͒ is very weak. The adsorption energy ͑E ads ͒ of Ϫ0.13 eV is in excellent agreement with the previous GGA result of Watson et al., 20 who obtained Ϫ0.12 eV. The top site is predicted to be slightly preferred over other high-symmetry sites in disagreement with the result of Michalak et al. 6 who predicted, by applying a small cluster model of the surface and local density approximation ͑LDA͒, the cross-bridge site to the stablest one for ethene on Cu͑111͒. It is true, however, that the calculated top site preference is not significant and is comparable to our estimated computational accuracy. Let us mention that a similar top-site preference has been predicted previously also for ethene/Ag͑100͒. 28 DFT calculations unambiguously show that the binding of ethene is substantially enhanced near defects because the adsorption energy at the step edge is about Ϫ0.5 eV ͑see Fig.  5͒ . Also for the defects the top site is the stablest ͑e.g., the bridge site is 0.16 eV less stable͒. The binding of ethene to the kink is even stronger, E ads = −0.58 eV. A similar trend has been observed previously for ethene adsorption on Ag͑100͒ and undercoordinated defects thereon. 28, 29 Assuming a simple first-order desorption and nonactivated adsorption, the E ads values of Ϫ0.13 eV on perfect ͑111͒, Ϫ0.48 eV at the ͑111͒/͑111͒-type step edge, and Ϫ0.58 eV at the kink would correspond to experimental thermal desorption spectroscopy ͑TDS͒ peak temperatures of about 50, 175, and 210 K, respectively ͑assuming a heating rate of 1 K/s and a prefactor of 10 13 s −1 ͒. Our calculations therefore underestimate the binding of ethene to perfect Cu͑111͒, a shortcoming which can be attributed to the inability of current GGA functional to properly describe the van der Waals interaction, whereas the GGA results for adsorption on defective sites are in much better agreement with the present and also with the previous experiments performed by Otto and co-workers. 30 Despite the underestimation of ethene binding on perfect ͑111͒ facets, the difference in calculated E ads between perfect ͑111͒ and the low coordinated defects thereon is so substantial that the trend can be clearly trusted.
Ethene vibrations
To support the assignment of HREELS losses and to further assist in the interpretation of the experimental find- perfect ͑111͒ facet, ͑111͒/͑111͒-and ͑111͒/͑100͒-type step edges, and kink; the corresponding coordination numbers ͑for bare surface͒ of Cu atom to which the ethene binds are 9, 7, 7, and 6, respectively.
ings, we also calculated the molecular vibrations of ethene adsorbed on pristine Cu͑111͒ and on vicinal Cu͑331͒, Cu͑211͒, and Cu͑5 11 7͒. The latter three are used as models of the ͑111͒/͑111͒-and ͑111͒/͑100͒-type step edge defects and kink, respectively. The corresponding results are summarized in Table I . As for the step edge defects, only the results for Cu͑331͒ are reported. The values for Cu͑211͒ are almost identical, the largest discrepancy between the two being 1 meV. It is evident from the table that our calculations give very similar energies for the internal vibrations of ethene adsorbed either on Cu͑111͒ or at the kink of Cu͑5 11 7͒ with the largest difference of 2 meV. Also the internal vibrations of ethene adsorbed at the step edge are similar to those on Cu͑111͒, yet the largest discrepancy is somewhat larger, 5 meV. These differences, however, are not very significant and are comparable to the effect of the adsorbate density, e.g., the largest calculated differences between vibrations at low coverage ͑1/9 ML͒ and high coverage ͑1/4 ML͒ on Cu͑111͒ are about 4 meV. In addition to the internal molecular vibrations reported in Table I , our calculations give a value of 22, 35, 36, and of 32 meV for the molecule-surface vertical vibration on Cu͑111͒ at the step edge of Cu͑331͒ and Cu͑211͒ and at the kink of Cu͑5 11 7͒, respectively. In the energy range between the molecule-surface vertical vibration and the internal molecular vibrations, there are two frustrated molecular rotation modes, one perpendicular to the C = C axis and the other along the C = C axis ͑see Fig. 6͒ . For the former, the calculations give energies at the step edge and at the kink of 42 and 37 meV, respectively, whereas for the latter mode such values are 63 and 55 meV. Due to a reduced symmetry at the step edge, the latter mode may become dipole active, whereas at the kink this may be true for both modes. The frequencies of all other frustrated motions were found to be below the energy range which was covered in the HREEL spectra.
IV. DISCUSSION
A. Assignment of the losses
The spectra taken for ethene adsorption at the different roughened copper surfaces show a surprising agreement. The measurements recorded at different temperatures for the two different surface types in combination with the results of DFT calculations demonstrate that ethene adsorption is stabilized due to binding at undercoordinated surface sites related to surface roughness. The origin of the latter is obviously unimportant. The observed losses are listed in Table I and compared to vibration energies measured for different sample preparation conditions ͑flat, sputtered after growing a Cu film by evaporation͒ and also for different single crystal surfaces. [3] [4] [5] The corresponding values for gas phase molecules 21 are shown for comparison. Apparently, our results are in good agreement with literature data and, as expected, support the identification of a -bonded configuration for ethene on all kinds of copper surfaces. From the examination of the internal vibration frequencies in Table I follows the conclusion that also on the rough copper surfaces only -bonded ethene forms. Further evidence for the latter is provided by the good agreement between the HREELS losses and the calculated vibrations ͑see Table I͒ . The assignment of the losses at 35 and 51 meV is less obvious. These features cannot be assigned to internal vibrations of the ethene molecule. In this energy range we expect only molecule-substrate vibrations, i.e., various frustrated translations/rotations. For physisorbed ethene on smooth Cu͑111͒, Fuhrmann et al. 8 found with helium atom scattering a feature with an energy of 6.7 meV, which they attributed to the frustrated translation of the molecule perpendicular to the substrate. This energy is too low to be observed with HREELS. Since we observe no low frequency loss for ethene on the pristine Cu͑111͒ surface this moiety may well be the same physisorbed species investigated by Fuhrmann et al.
Peaks at about 37 and 52 meV have been found in surface enhanced Raman scattering ͑SERS͒ measurements reported by Otto and co-workers [30] [31] [32] ͑see last column in Table  I͒ . In Otto's studies coldly condensed copper films were used as substrate and exposed to ethene at low temperature ͑30 or 40 K, respectively͒. Annealing of the film to 200 K prior to ethene exposure was performed in Ref. 30 . Otto and coworkers attributed the line at 37 meV to the substrate-ethene vibration and the one at 52 meV to another frustrated motion of the ethene molecule. Indeed, our calculations predict a molecule-surface vibration at around 35 meV at the step edge and at kinklike defects. The calculations further predict a frustrated rotation mode along the C = C axis at 54 meV at the kink and 63 meV at the step-edge defects ͑see Fig. 6͒ . This mode could indeed become dipole active because of the local lowering of the crystal symmetry at the defects, and thus should correspond to the measured 52 meV loss.
Another interesting conclusion one may draw from Table  I and from a comparison between Figs. 1 and 2 is the extreme similarity of the entire ethene spectra for the two different defective Cu͑111͒ surfaces. In general, sputtering is not equivalent to a sort of "negative" deposit where adislands are replaced by vacancies [33] [34] [35] because the mobility of adatom clusters may be larger than the one of vacancy clusters. 26, [36] [37] [38] The similarity of the vibrational losses of ethene ͑the difference in the frequencies being smaller than Ϯ3 meV͒ allows us to conclude that as far as ethene adsorption is concerned, it does not matter how the surface roughness was induced. The only differences are the different annealing properties of the sputtered surface and the adatom covered one.
B. Morphology of defects
There exist many studies on the defect morphology formed upon sputtering 35 and evaporation, 39 respectively. For example, the structural study of Cox et al. 39 of island growth during submonolayer deposition of Ag on Ag͑111͒ showed that the shape of the islands is temperature dependent: Below 140 K they observed dendrites with triangular envelopes, whereas at higher temperatures islands become fatter and more isotropic and finally display distorted hexagonal shapes with longer ͑111͒/͑111͒-and shorter ͑111͒/ ͑100͒-type step edges. On the other hand, the study of Costantini et al. 35 of single ion impact events on Ag͑100͒ reveals that an ion impact produces a single multiatom vacancy surrounded by several adatom clusters. Moreover, because of the high mobility at a temperature of 85 K, any adatom has diffused to step edges ͓in our DFT calculations the Cu adatom diffusion barrier on Cu͑111͒ is merely 0.04 eV͔. On the basis of these considerations, we may assume that the most abundant defect is the ͑111͒/͑111͒-type step edge followed by ͑111͒/͑100͒ step edge and by the kink, shown schematically in Fig. 7 . This was the rationale behind our choice to perform calculations of ethene adsorption on step edge and kink defects. Moreover, the good agreement between experiments and computations corroborates indirectly our arguments about the type of surface defects produced in our experiments.
The similarity of the vibrational losses of ethene irrespective of how the surface roughness was induced may therefore be connected to the fact that the admolecules bind on the same kind of majority defect in both experiments. Notably adsorption being a phenomenon of strongly local character, the local atomic structure around the adsorption site matters the most, whereas the overall structure of nanodefect is of lesser importance.
C. Stabilization of ethene
An additional important conclusion we can draw from the current work is related to the thermal stability of the ethene layer on the rough surface. Stabilized ethene was previously created by preadsorbing small amounts of halogens on Cu͑111͒.
7 0.08 ML of Br/Cl was thereby found to shift the ethene desorption peak in TPD to 132 K. A stabilization of ethene adsorption at undercoordinated atoms was found also at Ag surfaces, possibly providing a mechanism for the relatively high desorption temperatures observed experimentally ͑about 140 K͒. 28, 40, 43 The stabilization of ethene on less defined rough copper surfaces was previously reported by thermal desorption spectroscopy by Otto and co-workers 30, 31 who found a broad desorption peak of ethene at around 210 K in agreement with our findings. Their spectra also show that the wagging mode 7 / 8 remains nearly unshifted compared to ethene on Cu͑111͒, as indicated in Table I . The remarkable fact that the CH 2 wagging mode is not significantly modified by the stronger binding is supported by the current DFT calculations which predict only a small shift in the 7 mode on step edge defects compared to the pristine ͑111͒ facet. Already Öström et al. 41 stated that the C-H bonds of ethene are not much affected by bonding to the surface. It is known that the modes 2 and 3 with mainly C-C stretching are clearly changed by bonding to a metal surface. In Ref. 31 this is studied in relation to the − character of bonding. There a slightly larger contribution increases the desorption temperature but does nearly not change the CH 2 wagging mode.
V. SUMMARY
In this paper we presented a HREELS and computational DFT investigation of ethene adsorption at flat and defected Cu͑111͒ surfaces. Our DFT calculations unambiguously show that the binding of ethene is substantially enhanced near defects in accordance with the experimental observations, which show that ethene is stabilized by surface defects up to ͑193Ϯ 2͒ K, thus supporting their significance for catalytic reactions. Since the intramolecular vibrations are not changed we conclude that adsorption occurs molecularly and without significant rehybridization at defects. The desorption behavior was monitored by looking at the vibrational signatures of the admolecules as a function of crystal temperature. No evidence of other more strongly bound molecular states or of dissociative chemisorption was found at variance with the case of ethene adsorption on Cu͑410͒ ͑Ref. 42͒ characterized, however, by a very different morphology of the steps. Indeed, according to DFT calculations ethene adsorbed on the bridge site is less stable by about 0.2 eV. Our FIG. 7 . Schematic representation of adatom ͑left͒ and vacancy ͑right͒ clusters on Cu͑111͒. Both consist mainly of ͑111͒/͑111͒-and ͑111͒/͑100͒-type step edges. Kinks result naturally at the intersections of ͑111͒/͑111͒ and ͑111͒/͑100͒ step edges for adatom clusters, whereas for vacancies kinks may be present if the vacancy displays a nonideal shape.
investigation also showed that the defects produced by ion sputtering or by evaporating a rough film on the flat Cu͑111͒ surface cause in both cases ethene adsorption in a similar -bonded configuration. 
